Introduction
This summary reviews southern hemisphere climate patterns acting around Australia and the southern hemisphere for the austral autumn 2008 (March to May). Particular attention is given to the Australasian and Pacific regions. The main sources of information used for this summary were analyses prepared by the Australian Bureau of Meteorology and the Centre for Australian Weather and Climate Research (CAWCR) and the Climate Diagnostic Bulletin prepared by the U.S. Climate Prediction Center (CPC) . This article begins with discussion at the largest spatial scales of climate variability and ends with a more detailed analysis of the Australian region.
Indian and Pacific Ocean climate

El Niño-Southern Oscillation
On seasonal to inter-annual timescales, the El Niño-Southern Oscillation (ENSO) has historically been the strongest driver of global climate variability (e.g. Wright 1985) . Autumn is traditionally a transitional period for moving into and out of ENSO events. Over the summer of 2007-08 a moderately strong La Niña event matured, reaching its peak in February, and was influencing the climate of eastern Australia (Wheeler 2008) . During autumn 2008 the La Niña slowly weakened, with a return of neutral ENSO conditions confirmed by the end of the season. In the following sections, we look at each ENSO indicator in detail.
The Troup Southern Oscillation Index
The Troup Southern Oscillation Index (SOI) for the period January 2004 to May 2008 is shown in Fig. 1 , together with a five-month weighted moving average. By the end of May, although some cool anomalies were still present in the central Pacific, most ocean indices were within the El Niño-Southern Oscillation (ENSO) neutral range. In addition, the Southern Oscillation Index (SOI) also fell with each autumn month, reaching a neutral −4.3 in May. In the extra-tropics, the positive phase of the Southern Annular Mode (SAM) that dominated summer 2007-08 switched to a weak negative phase in autumn. The mean sea level pressure (MSLP) and geopotential height patterns that are typical of a negative SAM were evident over the Antarctic region as well as the mid-latitudes of the southern Indian and Atlantic Oceans. In the Indian Ocean, a positive Indian Ocean Dipole sea surface temperature (SST) pattern started to establish itself during May. In the Australian region, the most significant climatic feature for autumn was exceptionally low rainfall. Averaged across the continent Australia had its driest May on record.
By the end of the 2007-08 summer, the SOI had increased to +21.3 for February, its highest value since November 2000 and the highest value on record for the month of February. During autumn the SOI started a dramatic fall, reaching values of +12.2 for March, +4.5 for April and −4.3 for May. The fall in the SOI from February marked the end of the 2007-08 La Niña event and the start of a neutral phase. The SOI is derived from the mean sea level pressure (MSLP) at both Darwin and Tahiti. Both sites contributed to the change in SOI, with predominantly negative MSLP at Darwin over summer, returning to near normal by the end of autumn, and positive MSLP at Tahiti also returning to near normal by the end of autumn.
Multivariate ENSO index
The Climate Diagnostics Center Multivariate ENSO Index (MEI) is derived from a number of atmospheric and oceanic parameters typically associated with ENSO and calculated as a two month mean Timlin 1993, 1998) . Negative values of the MEI indicate cooler conditions while positive values indicate warmer conditions. MEI values have been ranked since the beginning of a 59 year record. The lowest number (1) denotes the strongest La Niña case for that bimonthly season, while the highest number (59) indicates the strongest El Niño case. The MEI was ranked as the fourth strongest La Niña for the January-February 2008 bimonthly season since 1950 (when records began). By April-May the ranking was 17 and by May-June it was 32, a middle ranking that puts the MEI very much in the neutral range as ranks between 12 to 48 are considered neutral (Climate Diagnostics Center 2008a,b).
Outgoing long-wave radiation
Outgoing long-wave radiation (OLR) for autumn over the equatorial Pacific (5°S to 5°N and 160°E to 160°W) is shown in Fig. 2 , displaying data from the Climate Prediction Center, Washington, which shows a standardised monthly anomaly of OLR from January 2004 to May 2008, together with a three month moving average. OLR over the equatorial Pacific is a measure of tropical deep convection, with increases in OLR indicating decreases in convection and vice versa. Convection in the equatorial region centred about the date-line is sensitive to changes in the Walker Circulation. During El Niño events, convection is generally more prevalent in this region, resulting in a reduction in OLR. During La Niña events less convection occurs in the vicinity of the date-line resulting in an increase in OLR.
The strongly positive phase of the Southern Oscillation over summer 2007-08 was accompanied by an increase in OLR (decreased convection) around the date-line. The anomaly value for February was strongly positive at +2.5, the highest value since February 2000 (1998 to 2001 saw a succession of La Niña events). The dramatic decrease in the SOI that occurred through autumn was also accompanied by a decrease in OLR, but the index of OLR still remained slightly positive at the end of autumn (more convection than over summer, but still less than normal) with a value of +1.2 for May. The value for March was +2.4 and the value for April was +1.5.
The global spatial pattern of seasonal OLR anomalies for the same period is shown in Fig. 3 . Consistent with the time series in Fig. 2 , positive anomalies are present in the equatorial Pacific near the date-line, representing suppressed convection and rainfall. The strongest anomalies occur just to the west of the date-line. Positive OLR anomalies (reduced convection) are also present over almost all of Australia, which is consistent with the below to very much below average rainfall that was observed across most of the country during autumn. In contrast, enhanced convection and rainfall are indicated over Southeast Asia and the southwest Pacific. The spatial pattern of seasonal OLR has some strong La Niña characteristics, such as the strong positive OLR near the date-line and the surrounding negative anomalies. This is expected, as although the Pacific was neutral with respect to ENSO by the end of autumn, the season started with a mature and strong La Niña and the anomalies have been averaged over the three months of the season. The spatial pattern of May OLR (not shown) shows significant weakening of the strong positive OLR anomalies present near the date-line in March (also not shown).
Equatorial Pacific sub-surface ocean temperatures
The sub-surface ocean component of ENSO can be well described by the position of the near-equatorial thermocline in the Pacific. The thermocline is the strong vertical gradient in temperatures between the warm near-surface water and cooler water below. The mean position of the thermocline is a depth of about 150 m in the west Pacific rising to around 50 m in the east Pacific. At the peak of a La Niña event this westto-east tilt becomes magnified with an even deeper thermocline in the west, and shallower in the east. The opposite is observed at the peak of an El Niño. Figure 4 shows the Hovmöller plot of the 20°C isotherm depth anomaly (obtained from CAWCR) across the equator for the period January 2001 to May 2008. The 20°C isotherm is generally situated close to the equatorial thermocline, the region of greatest temperature gradient with depth and the boundary between the warm near-surface and cold deepocean waters, and is hence a proxy for the depth of the thermocline. Positive (negative) anomalies correspond to the 20°C isotherm being deeper (shallower) than average. Changes in the thermocline depth may act as a precursor to subsequent changes at the surface. A shallow thermocline depth results in more cold water available for upwelling, and hence potential cooling of surface temperatures.
During summer, when the 2007-08 La Niña matured, the 20°C isotherm anomaly was strongly negative in the central and eastern Pacific and strongly positive in the western Pacific. Hence the thermocline was deeper in the west and shallower in the east. Through autumn the sub-surface warmed across the central and eastern equatorial Pacific, with weak positive 20°C isotherm anomalies developing in the central and eastern Pacific. It is possible that these warm anomalies were a response to the eastward propagation of a weak down-welling Kelvin wave. Such waves, indicated by positive depth anomalies travelling from west to east, are usually generated by bursts of westerly winds in the western Pacific and have been associated with the subsequent development of El Niño events (e.g. McPhaden et al. 2006) . Figure 4 shows warm anomalies, present in the western Pacific since early 2008, spreading eastwards to reach the eastern boundary by May. Figure 5 shows a cross-section of monthly equatorial sub-surface anomalies from February to May 2008 (obtained from CAWCR). Red shading indicates positive anomalies, and blue shades negative anomalies. The strongly negative sub-surface water, which existed across most of the tropical basin in February, slowly warmed through autumn. Some weak positive anomalies developed near the surface in the far east near South America. Although there was significant warming through autumn, weak negative sub-surface anomalies still persisted in the central Pacific.
Equatorial Pacific Ocean sea surface temperature indices
Global SST anomalies for autumn 2008 are shown in Fig. 6 . These data are the National Oceanic and Atmospheric Administration (NOAA) Optimum Interpolation Analyses (Reynolds et al. 2002) . Positive anomalies are shown in red, while negative anomalies are shown in blue.
The In contrast, anomalous westerly flow generally dominated the equatorial eastern Pacific from the South American coast to about 140°W through both autumn and summer. This is unusual for a La Niña and the warmer than normal water that developed in this region through February and autumn was likely to be at least in part a response to the anomalous westerly flow.
Indian Ocean Dipole
The Indian Ocean Dipole (IOD) is a pattern of SST variability that affects climate of many nations around the Indian Ocean rim (Meyers et al. 2007) , including Australia. A positive IOD is characterised by cooler than normal water in the eastern Indian Ocean, near Sumatra, and warmer than normal water in the western Indian Ocean, near Africa. A positive IOD SST pattern often results in a decrease of rainfall over parts of southern Australia. A negative IOD is characterised by an opposite SST pattern and is often associated with an increase in rainfall over parts of southern Australia. The Dipole Mode Index (DMI), developed by Saji et al. (1999) measures the difference in SST anomaly between the tropical west and east of the Indian Ocean. IOD events usually start around May or June, peak between August and October and then rapidly decay.
Over the 2007-08 summer the IOD was close to neutral, and was not considered to have played a significant role in driving southern hemisphere climate anomalies through that period (Wheeler 2008) . The DMI remained neutral through March and April, however, the weekly value of the DMI increased to 0.5 during the first week of May, increasing further to 1.2 by the end of May. The IOD pattern was not discernable in the Indian Ocean monthly SST anomaly pattern for May (not shown), however, on a weekly scale (also not shown) weak cold anomalies did develop off the Indonesian coast in the last two weeks of May. The OLR pattern for May (not shown) shows a significant area of positive anomalies (below average cloudiness) south of Sumatra, extending over most of the Australian continent. When averaged over the continent, May 2008 was Australia's driest May on record. The most deficient areas were in central and southern Western Australia, southwest Northern Territory and western South Australia. It is possible that a developing positive IOD event contributed to the low rainfall observed.
Madden-Julian Oscillation
The Madden-Julian Oscillation (MJO) is a tropical atmospheric anomaly, which develops in the Indian Ocean and propagates eastwards into the Pacific Ocean (Donald et al. 2004) . The MJO takes a timescale of between 30 to 60 days to reach the western Pacific and has a frequency of 6 to 12 events per year (Donald et al. 2004) . When the MJO is in an active phase, it is associated with increased tropical convection. The time evolution of tropical convection anomalies along the equator are shown in Fig. 8 , starting in January 2008 and ending in July 2008. In the daily averaged OLR anomalies in Fig. 8 , two eastward-propagating bands of tropical convection are evident through autumn 2008. During mid March, the first band of MJO related convection was located in the Indian Ocean. By the end of March, the band had moved into Australian longitudes. The MJO did not extend into the western Pacific, instead it weakened and was undiscernible by the end of March. An active monsoon and the development of severe Tropical Cyclone Pancho coincided with MJO activity over the Australian region. Tropical Cyclone Pancho is described in more detail in the Tropical Cyclone section.
The second band of MJO related convection was located in the far west Indian Ocean during the first two weeks of April, and developed over Australian longitudes during the first week of May. No monsoon was associated with this cycle of the MJO as it was too late in the southern hemisphere wet season. As with the event in March, the MJO did not extend into the western Pacific, again weakening and becoming undiscernible.
Global atmospheric patterns
Surface analyses
The southern hemisphere autumn 2008 MSLP pattern, computed from the Bureau of Meteorology's Global Assimilation and Prediction (GASP) model, is shown in Fig. 9 , with the associated anomaly pattern shown in Fig. 10 . These anomalies are the difference from a 1979-2000 climatology obtained from the National Centers for Environmental Prediction (NCEP) II Reanalysis data (Kanamitsu et al. 2002) . The MSLP analysis has been computed using data from the 0000 UTC daily analyses of the GASP model. The MSLP anomaly field is not shown over areas of elevated topography (grey shading).
The autumn MSLP pattern displays a zonal structure in the mid to high latitudes with weak three-wave characteristics. The three weak troughs are located at approximately 150°W, 120°E and 30°W. The subtropical ridge is located close to its seasonal climatological position, around 35°S. MSLP is generally higher than normal over the Antarctic region (except south of South America, where it is anomalously low) and lower than normal in a band between 30°S and 55°S south of Australia and across the Indian and Atlantic Oceans. This pattern has similarities to the loading pattern of the Southern Annular Mode (SAM) which is discussed in more detail in a following section.
Mid-tropospheric analyses
The 500 hPa geopotential height, which is an indicator of the steering of surface synoptic systems across the southern hemisphere, is shown in Fig. 11 , and the associated anomalies in Fig. 12 . Figure 11 shows that the autumn 500 hPa height pattern, like the MSLP pattern (Fig. 9) , displays a zonal structure in the mid to high latitudes, also with weak three-wave characteristics. Figure 12 shows height anomalies similar to the surface anomaly pattern displayed in Figure 9 for most of the Southern Hemisphere. However, over the Australian continent, as well as the central and western Pacific, low 500 hPa height anomalies are combined with high surface anomalies. This implies less upward motion and convection during autumn 2008 in these areas, which is consistent with the generally Fig. 9 Southern hemisphere autumn 2008 MSLP (hPa). The contour interval is 5 hPa. below average autumn rainfall that was observed across most of Australia.
Southern Annular Mode
The SAM describes the periodic, approximately 10 day, oscillation of atmospheric pressure between polar and mid-latitude regions of the southern hemisphere. Figures 10 and 12 indicate anomalously low pressure for autumn 2008 around the mid-latitudes south of Australia and across the Indian and Atlantic Oceans and anomalously high pressure over the Antarctic region. As mentioned above, this is similar to the loading pattern for negative SAM. Hendon et al. (2007) discussed Australian rainfall patterns associated with the positive and negative phases of the SAM. They found that the negative phase of SAM is usually associated with increased westerly flow in the southern regions of Australia and a weakened easterly flow in the north. During April, rainfall was above to very much above average over western and southwestern Western Australia. It is possible that a negative phase of the SAM and hence, lower than normal pressure in the region, contributed to this rainfall. Otherwise, no other climatic effects of the SAM were observed in Australia.
Blocking
The time-longitude section of the daily southern hemisphere blocking index (BI) is shown in Fig. 13 , the start of the season being at the top of the Figure. This index is a , started around midMay and continued for a little over a week, centred around 150°W.
The mean southern hemisphere blocking index for autumn 2008 is shown in Fig. 14 . Averaged over the whole season, blocking activity was near normal through most of the ).
southern hemisphere mid-latitudes, apart from in the central and eastern Pacific where it was stronger than normal. Peak seasonal mean BI values were located around 170°E, close to the region of maximum climatological values. The region from eastern Australia to the central Pacific, 140°E to 140°W, is climatologically favoured for blocking (Trenberth and Mo 1985; Sinclair 1996) .
Winds
Autumn 2008 Low-level enhanced trade wind flow extended from the central to western Pacific in autumn, which is consistent with the strong La Niña that weakened through the season. In the eastern Pacific, anomalous westerly flow dominated, which was also a feature of the 2007-08 summer (Wheeler 2008) and an unusual pattern for a La Niña, but as previously mentioned a likely trigger for the development of warm water in the eastern equatorial Pacific. Over the tropical central and eastern Pacific, westerly flow dominated in the upper levels, with the strongest anomalies, of greater than 15 ms −1 , observed in the central tropical Pacific.
In the Australian region the most significant feature of the low-level autumn wind field was anomalous anticyclonic flow over eastern Australia and north to northwesterly flow over central and western parts of the country. In the upper levels there was anomalous cyclonic flow centred near the central east coast of Australia, with a maximum over the Coral Sea exceeding 10 ms −1
. Upper-level anomalous cyclonic flow, coupled with low-level anomalous anticyclonic flow indicates less upward motion in the region and therefore less convection and rainfall, as was generally observed across most of the Australian continent through autumn.
A lingering monsoon trough in March, just south of Indonesia and northwest of the Western Australian coast, is reflected by anomalous low-level cyclonic flow in Fig. 15 . The region of cyclonic flow in the Indian Ocean saw the development of three cyclones through March and early April in the Australian region, as discussed in the next section.
Australian region tropical cyclones
Three tropical cyclones (TCs) developed in the southern hemisphere Australian region during autumn 2008. All three cyclones, Ophelia, Pancho and Rosie, developed in the Indian Ocean (Australian Bureau of Meteorology 2008). Pancho was the only severe cyclone (category three or higher on the Australian tropical cyclone scale), reaching category four intensity.
Ophelia began as a tropical low near the base of the Top End of Australia on 26 February. It tracked across the north Kimberley and into the Indian Ocean, strengthening to TC intensity on 1 March about 80 km north of Cape Leveque. Ophelia developed to category two TC intensity on the morning of 2 March and was steered to the west-southwest by a persistent midlevel ridge to the south. It maintained category two intensity until 5 March, before weakening below cyclone intensity on 6 March as it tracked south-southwest, well west of Carnarvon. Some offshore industry installations were evacuated as a precautionary measure, resulting in some economic losses.
A low that formed west southwest of Christmas Island on 23 March during an active phase of the monsoon tracked to the south-southeast and deepened, reaching TC intensity on 25 March and being named Pancho. It intensified rapidly on 26 March, peaking at category four intensity on the 27 March, well to the west-northwest of Exmouth. The TC soon weakened as it experienced increased wind shear and moved over cooler waters. On 29 March, about 250 km westsouthwest of Carnarvon, the cyclone was downgraded to a low. Although Pancho had no direct wind impact on the Western Australian coast, it was associated with heavy rainfall in the west Pilbara and Gascoyne district. Some of the heaviest daily falls included:
• 24 hours to 9 am 27 March: Minderoo (157 mm), Exmouth (119 mm), Onslow Airport (95 mm), • 24 hours to 9 am 30 March: Yalleen (147 mm), Karratha (118 mm), Tamala (96 mm), Denham (87 mm).
The remnants of Pancho moved further south, passing near Perth on 31 March and resulted in unseasonal heavy rain across parts of the South West Land Division. TC Rosie was a small cyclone that developed rapidly off the coast of Sumatra (Indonesia) overnight on 21-22 April. Rosie reached category two intensity before weakening back to a low on 22 April, as it passed near Christmas Island. The most significant impact of TC Rosie was heavy swell at high tide at the port area of Christmas Island at about 0000 UTC on 22 April. The harbour master reported waves of 5 to 7 m that damaged some facilities on the shore and tore a long-line mooring from its anchor.
Australian region climate
Rainfall
Rainfall totals for autumn are shown in Fig. 17 , while the rainfall deciles for the same period are shown in Fig. 18 (a) . Rainfall deciles are calculated using all autumns from 1900 to 2008. Analogous rainfall deciles for May are shown in Fig. 18 (b) . Figure 18 shows that when averaged over the season, rainfall was below to very much below average across most of Australia. Substantial areas of the continent were in the lowest decile, with some places recording lowest autumn rainfall on record. Seasonal low rainfall records were broken locally in Queensland, New South Wales, Victoria, Tasmania and the Northern Territory. Numerous inland locations, such as Alice Springs and Brunette Downs in the Northern Territory and Boulia and Richmond in Queensland had a rainless autumn. When averaged across the continent, autumn 2008 was Australia's 8th driest autumn on record. May 2008 was particularly dry and, when averaged across the continent, was Australia's driest May on record.
Some smaller areas, such as the far west of Western Australia, experienced above average rainfall for the season. Tropical cyclone-related falls in March and early April contributed to the above average falls in Western Australia. A few locations around Shark Bay, in Western Australia, had their wettest autumn on record. Apart from one or two small areas of above normal rainfall scattered through the northern tropics, a small area of the mid-north coast of New South Wales, centred on Taree, also received above average autumn rainfall. This was due to heavy rains in April.
The highest seasonal rainfall total in Australia was 2194 mm at Tree House Creek, Queensland. The highest 24-hour total was 446 mm at Port Douglas, Queensland, on 5 March. 
Drought
As discussed in the preceding section, rainfall was below to very much below average across almost all of Australia in autumn 2008. Australia's area averaged May rainfall was the lowest on record (National Climate Centre 2008). The dry May combined with relatively poor rainfall in March and April contributed to large parts of Australia experiencing serious to severe rainfall deficiencies during autumn. One way of assessing drought involves a consideration of the extent of areas of the continent with accumulated rainfall in the lowest decile for varying timescales. Local temporal maxima in the areal extent of rainfall deficiencies occur at periods of 3, 12, 25, 51 and 72 months for periods ending May 2008. For the 3-month period ending in May (Fig. 18) , 35.8 per cent of Australia and 55.9 per cent of Queensland were experiencing serious rainfall deficiencies (i.e. rainfall totals below the long-term tenth percentile). In northern Australia this was a result of an early end to the wet season, while southern Australia experienced a poor start to the southern wet season. Across the Murray-Darling Basin, it was the fourth driest autumn on record.
Rainfall deficiencies for the 12-month period from June 2007 to May 2008 were evident over large areas of South Australian and central Australia (not shown). Serious to severe deficiencies were also observed across parts of southern Western Australia, the far west of Queensland, the far west of New South Wales, western and central Victoria and over northern and eastern Tasmania. Over the 12-month period, much of eastern Australia had some benefit from above average rainfall associated with the 2007-08 La Niña. In contrast, central areas of Australia had below average falls through summer and autumn, with record-low falls evident for the period over a large area in southeastern parts of the Northern Territory and in small patches in central South Australia.
The deficiencies discussed above occurred against a backdrop of decade-long rainfall deficits and record high temperatures that have severely stressed water supplies in the east and southwest of the country. For the 72-month period ending in May, 16.9 per cent of Australia and 83.2 per cent of Victoria experienced serious rainfall deficiencies. Figure 19 shows maximum and minimum temperature anomalies for autumn. Temperature deciles are shown in Fig. 20 . Seasonal anomalies are calculated with respect to the 1961-1990 period from the National Climate Centre observational network (entire network). The deciles are calculated using monthly analyses from a high-quality subset of the temperature network and with respect to all autumns between 1950 and 2008.
Temperatures
Maximum temperatures, when averaged across autumn, were generally close to, or slightly below average in eastern Queensland, eastern New South Wales and eastern Victoria. A few other sites scattered across the northern tropics also saw anomalously cool autumn daytime temperatures. The coolest place, relative to its climatological average, was an area near Cairns (northern Queensland) which saw maximum temperatures between 1°C and 2°C below normal.
Elsewhere, over the majority of the continent, maximum Minimum temperatures, when averaged across autumn, were generally below to very much below average across the north and east of the continent. Lowest on record temperatures were recorded at sites in eastern and northern Queensland and eastern New South Wales. When averaged over the continent, the autumn minimum temperature was 0.62°C below normal, the continent's tenth lowest set of autumn minimum temperatures in 59 years of records. Queensland's mean autumn minimum temperature was 1.93°C below normal, ranking second lowest on record, with the lowest mean autumn minimum recorded in 1951. The New South Wales mean autumn minimum temperature was 1.35°C below normal, ranking fifth lowest. The largest anomalies, of 3 to 4°C below normal, were observed in northeast New South Wales, central and southeastern Queensland, across the base of the Top End and in the north Kimberley. Most of northeast New South Wales, Queensland, the Top End and the Kimberley recorded temperatures in decile one. Elsewhere, over central and southern Western Australia and the south and west of South Australia, minimum temperatures were generally slightly above normal. A small area of decile ten was evident, over the Eucla district of Western Australia. 
